Abstract Diagnosis of the particle number density of plasma plays an important role in the understanding of plasma sources and processing. Regular radiation signals from plasma oscillation in filaments of atmospheric nitrogen discharge, which were excited by the injection of secondary electron beams during the propagation of the streamer, are employed to determine the ion density of plasma and its evolution in the filaments. Results show that the density of N + 4 in a filament of atmospheric nitrogen discharge is of the order of 10 13 cm −3 . It is also found that the recombination processes play a dominant role in plasma decay, and that the ion density decreases non-monotonically with time during streamer propagation.
Introduction
The widespread investigation of the electrical breakdown of gases relies on its great potential in a number of industrial applications, including the decomposition of gas pollutants, the surface treatment of materials, and sterilization and film deposition [1−4] . It is now well accepted that electrical gas breakdown at atmospheric pressure often proceeds via the creation and propagation of streamers. Since the mechanism of streamers was first suggested by Raether, Loeb and Meek [5−8] , researchers from around the world have accumulated a sizeable volume of evidence to show the importance of streamers in several aspects of the electrical breakdown of gases. However, the complexity of the process during streamer discharge most often clouds people's ability to further understand and make use of it. Since the particle number density plays an important role in the understanding of plasma sources and processing, it is high time a proper method is found to diagnose the plasma generated in streamer discharge. Until now, many detecting methods [9−12] have been developed to diagnose the electron density of plasma in different conditions. However, as far as we know, there have been few effective solutions for diagnosing the plasma in a streamer discharge. For one thing, it is difficult to create stable or periodically reproducible streamer plasmas, especially for atmospheric discharges with highly inhomogeneous fields. Furthermore, the duration of a streamer is too short to be detected by common methods.
As is well known, for the case in which the random thermal motions of the charged particles are expected to be negligibly slow, Langmuir and Tonks [13] have shown that ions oscillate in plasma with a characteristic frequency given by
where n i is the density of ions, M i the mass of an ion, e the elementary charge and ε 0 the vacuum permittivity. A detailed physical picture of the mechanism of these plasma oscillations has been given by Bohm and Gross [14] . In their opinion, these ordinary plasma oscillations are irrotational and therefore do not radiate. One must excite the instability of the plasma with special beams to observe the radiation from the plasma oscillations. To produce these plasma oscillations, Looney and Brown [15] developed a delicate device to inject a beam of high-energy electrons into the plasma, which establishes the mechanism of energy transfer from the electron beam to the plasma oscillations. For a long time, it was believed that the radiation of the plasma oscillation grew only in the presence of an electron beam as a result of two-stream instability [16, 17] . It seems likely that Shirakawa and Sugai [18] were the first to report, in 1993, on detecting the radiation signal experimentally by the plasma oscillation probe method. In this method, a weak electron beam is injected from a hot filament into the plasma and excited electron waves oscillating at the electron plasma frequency. In our previous work [19] , the electron density of atmospheric argon discharge, which is actually the ion density, was measured by the radiation signal from the plasma oscillation, but the generation mechanism of the radiation signal was not involved. To the best knowledge of the authors, there have been few reports on the oscillatory behavior of the plasma in a streamer discharge at atmospheric pressure, especially in common gases such as nitrogen, oxygen and air. In this paper, we report plasma oscillation in atmospheric nitrogen discharge. Firstly, the generation mechanism of the radiation signals from the plasma oscillations is presented. The experimental set-ups are described in the next section. Then, the ion density and its evolution are determined by the radiation signals. Subsequently, the results and corresponding discussion are presented, and finally, we summarize the main conclusion.
Experimental set-up
The experimental device used to study the streamer discharge (SD) generated in atmospheric nitrogen gas is sketched in Fig. 1 . The nitrogen plasma is generated in a glass tube with an inner diameter of 10 mm and a wall thickness of 1 mm. A needle-like rod made of stainless steel is inserted into one end of the glass tube and tightly sealed with a Teflon band, which serves as an anode. The diameter of the rod is 4 mm. In order to eliminate the edge effects, the stainless-steel rod is ground into a hemispherical end. The grounded electrode is a 60 mm long copper tube around the outside of the glass tube, and is sealed together with the glass tube in the Teflon. The copper tube ends 10 mm prior to the end of the glass tube, and the stainless-steel stick ends 5 mm from the end of the copper tube. The nitrogen gas flowing along the glass tube serves as the plasma-forming gas, and the gas flow rate is precisely controlled by a mass flow controller (FC-7710CD Advanced Energy Inc.). An AC power supply with a maximum peak voltage of 20 kV is applied to the electrodes. The driving frequency range is from 100 Hz to 20 kHz, and a high voltage probe (Tektronix P6015A, 1000x) is used to measure the applied voltage. The discharge current is measured through a 50 Ω electric resistor in series with the grounded electrode, and a copper ring with a diameter of 30 mm acts as a detecting antenna for receiving radiation signals at a distance of 10 cm from the plasma. The above three signals are visualized on a numerical oscilloscope (Tektronix DPO4014, 1 GHz, 5.0 G/s). 
Plasma-stream instability
The streamer discharge is characterized by a large electric field enhancement at the streamer head. As shown in Fig. 2 , when the radial field of the positive space charge (E s ) in an electron avalanche attains a value of the order of the external applied field (E a ) (t 2 in Fig. 2 ), the photoelectrons in the immediate vicinity of the avalanche tip will be drawn into the stem of the avalanche and will give rise to a conducting filament of plasma, i.e., a self-propagating streamer proceeding towards the cathode [8] . As we know, due to the shielding effect from the ambipolar diffusion of plasma, there are lots of ions and electrons in the streamer. The internal electric field arising from the separation of these charged particles will make them oscillate around the equilibrium point. Once an electron beam made of photoelectrons is drawn into the plasma stem, the plasmastream instability of the plasma oscillation will be excited, which makes it radiate an electromagnetic signal (t 3 in Fig. 2 ). During our experiments, when nitrogen is introduced into the tube and a streamer breakdown occurs, a radiation signal will be detected. However, when the plasma-forming gas is helium and a glow discharge occurs, there turns out to be no electromagnetic signals for the absence of secondary electron beams in the glow discharge. Thus, one may conclude that the Meek criterion (E s ≈ E a ) in streamer discharge is also a sufficient condition for the radiation from the plasma oscillation. 
Ionic species in nitrogen discharge
According to Eq. (1), for a typical density of 10 13 ions per cm 3 , the ionic characteristic frequency, f pi , is about 10 8 Hz, while the corresponding frequency for electrons, f pe , is about 10
10 Hz due to their much smaller mass.
One justification is needed at this point. It is assumed in Eq. (1) that there is only one ionic species in the plasma, while actually the ion composition in atmospheric nitrogen plasma can be rather complicated. The main physical mechanisms involved in atmospheric nitrogen discharge are labeled in Table 1 [20 −25] . In distinction with the N + 2 ion, which is yielded by the direct ionization R1, the production of N + 4 ions is caused by the associative ionization, R4 and R5. The N + ions are generated in the processes of dissociative ionization [26] . Note that, due to the effective conversion mechanism R11 at atmospheric pressure, the whole lifetime of N + 2 ions is confined to less than 1 ns [27] . Simultaneously, because of the high threshold of dissociative ionization and the weak degree of ionization, the densities of the N + and N + 3 ions are expected to be negligibly small. Therefore, it is reasonable to assume that the N + 4 ions are the dominant ionic species in atmospheric nitrogen plasma, which qualifies Eq. (1) in nitrogen plasma.
Effect of collisions
During the oscillation of ions, collisions should also be taken into account. Collisions of ions with other particles in atmospheric plasma may be divided into two groups: collisions caused by thermal motion and by drift motion under electrical forces. As is well known, thermal collisions occur with an equal probability in each direction. For a single ion, these collisions may cause energy loss by charge exchange. They may also change ion trajectories. However, these collisions cannot result in any loss of energy of the plasma, the whole system being composed of a large number of charged particles. Therefore, the collisions induced by the thermal motion during the oscillation of N + 4 ions can be ignored. As for drift-motion collisions, it is known that this collision frequency can be evaluated by γ = υ · σ · n 0 , where υ is the average drift velocity in the direction of the electric field, σ is the collision cross section of ions with neutral molecules, and n 0 is the density of neutral gas. For N + 4 in the atmospheric nitrogen discharge, υ =∼ 10 2 m/s [28] , σ =∼ 10 −20 m 2 [29] and n 0 =∼ 10 25 m −3 [30] , so the collision frequency is γ =∼ 10 7 Hz, which is almost one-tenth of f pi for a density of 10 13 ions per cm 3 in nitrogen plasma. As we know, the applied voltage is kept almost unchanged during the transitory process of steamer propagation, so the ions in the plasma will follow the equation of motion:
where x(t) is the ion displacement, t the time, γ the ionneutral collision frequency, ω pi the circular frequency of ions (ω pi = 2πf pi ) and E I the internal electrical field. As discussed in the last section, γ < f pi , so ω pi will be much higher than γ, which gives Eq. (2) an underdamped oscillating solution: 
where X 0 is the amplitude of the ion-electron separation, ω the actual circular frequency of the detected radiation signal, θ the initial phase, and C 0 the constant caused by the last term in Eq. (2). For γ ω pi , the active oscillating frequency ω is approximately equal to ω pi according to Eq. (4), which means that the ion density n i can be calculated by the actual circular frequency of the detected radiation signal by Eq. (1).
On-line measurement of ion density
The waveforms of applied voltage, current, and radiation signal from the plasma are represented in Fig. 3 , and last for two cycles of the applied voltage. A sinusoidal voltage with V pp =17.0 kV (peak-to-peak voltage) and f =14.99 kHz (frequency) is applied to the two electrodes. Nitrogen gas is introduced at a flow rate of 15 lpm (liters per minute). As shown in Fig. 3 , there are many more filaments in the positive half cycle than in the negative due to the asymmetry of the two electrodes. Under each current spike, there is a corresponding oscillation spike in the waveform of the radiation signal, which means that each filament radiates an electromagnetic signal during its establishment. Note that the detected radiation signal corresponds to the oscillation of ions rather than that of electrons, since the oscillation frequency of electrons is too high to be detected by the existing oscilloscope. As we know, due to the existence of the dielectric layer, the current spike is the superposition of the displacement current and the conductivity current, whose amplitude is to a large extent decided by the quantity of charged particles generated in the streamer. And the amplitude of the oscillation spike is thought to be decided by the quantity of oscillating ions. Although corresponding in time, the radiation spike and the current spike do not necessarily correspond in their amplitudes, as shown by the labeled oscillation spikes (marked 1, 2 and 3) and their corresponding current spikes in Fig. 3 . The reason can be given as follows. In an atmospheric barrier discharge with extended electrodes, every primary avalanche occurs randomly with different initial conditions, including the initial position and the applied field at that moment. These will give rise to very different streamers in the same cycle of the applied voltage. Furthermore, the secondary electron beams may interact with the streamer at different positions, which would lead to the independence of amplitude between the current spikes and the radiation spikes. To further analyze the radiation signal, the three above-mentioned oscillation spikes in Fig. 3 are expanded in time scales and shown in Fig. 4(a)-(c) , respectively. The radiation signal does not seem to be excited at the beginning of each primary avalanche. Each radiation signal starts at the time when the secondary electron beams are injected into the plasma stem, which is several nanoseconds after the initiation of the current spike. Then, the radiation signal will be reinforced to its peak amplitude in two cycles, because the amplification of the streamer is not over at the time the first electron beam is injected into the plasma stem (stage 1). As we know, the quantity of oscillating ions, which decides the amplitude of the radiation pulse, is controlled at the same time by the gain of amplification and the loss of recombination (the diffusion process can not change it). When these two mechanisms reach mutual equilibrium, the radiation pulse will be strengthened to its peak value (point E in each subgraph of Fig. 4 ). In addition, it is noted in the three radiation spikes that the amplitude of point E in each subgraph has a close relation with the rate of current (dI/dt) during the amplification. The greater the rate, the larger the amplitude of point E. At the same time, the magnetic flux through the detecting coil becomes larger for the greater rate of current, which will in turn strengthen the radiation spike. After point E (stage 2), the amplitude of the radiation pulse begins to decay, which means that the recombination mechanism is more effective and the total number of oscillating ions begins to decrease.
Periods of oscillating pulses are labeled in Fig. 4 . With these values, the ion density and evolution of the oscillation spike can be plotted, as shown in Fig. 5 . Similar to the amplitude of the radiation signal, the periods in each oscillating spike do not change monotonically with time. They both increase first in stage 1, and then decrease with time since point E in stage 2. The difference is that for the evolution of ion density in stage 1, the influence of the expansion of the ionization area should be additionally taken into account. Early in stage 1, the influence of amplification on the ion density is weaker than that of regional expansion, so the ion density becomes lower in the first two cycles in every filament, as shown by each subgraph in Fig. 5 . As the impact of amplification increases, the ion density in the third cycle is larger than that in the second one. It is believed that the amplification ends at a certain moment beyond point E, after which the ion density begins to decay. As we know, the plasma decay has been controlled simultaneously by recombination and diffusion since the beginning of the streamer propagation. However, due to the large difference between the velocity of ions and electrons, the diffusion of ions is expected to be negligible in such a fast process. Simultaneously, the amplification will counterbalance the influence of the expansion of the ionization area on the ion density before its ending. Hence, as an approximation, the ion density remains constant under these two mechanisms. The recombination mechanism, therefore, dominates the decay of ion density during the entire duration of streamer propagation. According to Ref. [31] , the evolution of ion density by the recombination mechanism in atmospheric nitrogen plasma can be calculated by where t is the time, n 0 is the ion density at zero time and n the ion density at moment t, and ρ is the recombination rate of N + 4 in atmospheric nitrogen plasma. At atmospheric pressure, ρ = 2.0 × 10 −6 (300/T e ) 1/2 cm 3 /s [24] , where T e is the temperature of the electrons and considered to be 10 4 K in the existing condition. As shown in Fig. 5 , the two ion-density evolutions obtained, respectively, from the experimental measurement and the theoretical calculation (by Eq. 5), are compared. The initial ion density in both curves is calculated from the first period of the radiation signal. Basically, the two curves have a similar dependence on time, which proves the reasonability of the hypothesis that the recombination is the dominant loss mechanism of ions in atmospheric nitrogen plasma. Note that the discrepancy between the two curves in each streamer gets larger when the initial ion density is larger. This could be because the diffusion becomes more effective with a large density, as the interaction will be larger in a denser area. The method presented here is applicable to measuring the ion density of plasma in streamer discharge at atmospheric pressure. Note that the measurement of the ion density here is based on the hypothesis that the plasma contains only one ionic species. As we know, the radiation signals are generated from the non-sheath region of the plasma, where the positive and negative charges are conserved. The ion density will be equal to the electron density when there is only one ionic species in the plasma. Hence, the plasma radiation method is applicable for the diagnosis of the electron density of atmospheric discharge in gases with only one dominant ionic species during their discharge, such as argon and nitrogen. With this plasma radiation method, the online measurement of ion density without any contamination is achieved. In theory, if the bandwidth of the oscilloscope is large enough, the radiation from the oscillation of electrons can be detected, which can give the electron density directly without considering the assumption of a single ionic species discharge.
With the plasma radiation signals, a more clear-cut image of the atmospheric streamer breakdown has been established. However, many problems still exist. As shown in Fig. 5 , the measured ion density increased twice during streamer propagation. The first increase can be attributed to the amplification in the early stage of the streamer. However, it is not understood why the ion density increased again in the last stage of the streamer. Furthermore, the current fluctuates in each expanded waveform during streamer propagation. We are not sure whether the current oscillation has anything to do with the plasma oscillation. It is believed that these attractive phenomena in streamer discharge will be explained in the near future.
Conclusion
Radiation signals from the excitation of the plasma oscillation by secondary electron beams are detected experimentally and employed to determine the ion density and its evolution in atmospheric nitrogen discharge. The ion density in a filament is measured to be of the order of 10 13 cm −3 . It is believed that the plasma radiation measurements presented here can contribute to a better understanding of streamer discharge.
